patient evaluations, its limitations have fostered technologic advances in 3-dimensional methods such as laser scanning and stereophotogrammetry 3 that have begun to better elucidate the multidimensional attributes of the dynamic face.
Facial aging is an intricate and multifactorial process that affects multiple components of the face differentially, resulting in dyspigmentation and loss of skin tone, descent and atrophy of fat and muscle, and remodeling of the underlying facial bone structure. 4 The dynamic face is clearly affected by facial aging; however, the relationship between dynamic and static aging remains to be understood, in part, because few objective data defining dynamic facial changes exist. Consequently, an objective method of quantifying age-related dynamic changes of the face is necessary for advancing our understanding of how distinct facial components are specifically affected by animation at baseline and with advancing age. The aim of this pilot study is to evaluate and quantify distinct anatomic changes in the dynamic human face using a novel real-time 3-dimensional imaging technology.
Speckle-tracking photogrammetry, the methodology employed in this study, is an innovative technology that enables the dynamic analysis of both topographic and geometric changes in real time. This 3-dimensional imaging captures position, displacement, geometry, and strain. 5, 6 Digital image correlation through the ARAMIS system (Trilion Quality Systems, Pa.) is designed to achieve full-field, noncontact, optical measurements for the purpose of characterizing materials in a fluid and dynamic manner. When the surface to be examined is subject to a deformational force, such as stretch or compression, the resulting displacements and strains are measured and then compared to the given surface's static reference state, which is defined at the onset of the imaging process. This technology has previously successfully characterized the mechanical properties of a variety of biologic materials, including in vivo deformational measurements in frog hearts, local strain behavior in artificial muscle, and bone surface strains secondary to loading in mouse tibias. [6] [7] [8] We hypothesize that this technology can serve as a valuable tool for the evaluation and understanding of dynamic facial anatomy.
METHODS
Thirteen adult subjects were enrolled in the study. Eight women and 5 men between the ages of 18 and 70 underwent stochastic speckle patterning using black and white colored hairspray applied from the hairline at the scalp superiorly to the neck at the level of the clavicle inferiorly and the tragus laterally (Fig. 1) . Patients who had undergone previous surgery or filler injections of the face were excluded, as were patients who had undergone neuromodulator injections less than 12 months before participating in this study. Also excluded were patients who had a history of facial trauma or patients with facial paralysis.
The subjects were placed at a calibrated working distance from a high-resolution, digital dual-camera charge coupled device system. To obtain an initial reference image, each subject maintained a neutral facial pose for 5 seconds, recorded at a rate of 50 frames per second. An average representative image was selected as each subject's individual reference.
Each subject was then recorded performing 6 types of facial animation: (1) smile, (2) laughter, (3) surprise, (4) anger, (5) grimace, and (6) lip pursing. Each action was recorded for 10-12 seconds at a rate of 15 frames per second starting from rest to action and back to resting neutral position. As with standard 3-dimensional photogrammetry, 3-dimensional coordinates were calculated, generating each subject's topographic configuration, displacement, and surface strain of each detected point on the surface of the face relative to its original reference image. 8 Positive strain is defined as stretch on the surface of the face occurring with facial animation. Negative strain is defined as compression occurring perpendicular to stretch on the surface of the face with facial animation. Vectors of facial animation were defined using the ARAMIS software in the vertical and horizontal directions, and strain measurements were made using these vectors across regions of the face for each action. The major and minor strains of each tested expression were then calculated using the ARAMIS software system. The program measured both strain and variability in strain, highlighting the areas of the face with maximum and minimum strain.
For each expression, the strain was quantified as a percentage change from baseline and displayed in a "heat map" color scale with red representing the area of greatest strain (stretch) and blue representing the area of least strain, with negative values indicating compression. The strain data for all study subjects were then analyzed and compared. Subgroup analyses were performed, grouping cohorts by age and gender. Pearson's chi-square or Fisher's exact tests were used to analyze categorical variables. Wilcoxon rank-sum test was used for continuous variables. All tests were 2-tailed, and statistical significance was defined as P value less than 0.05. All analyses were performed using STATA IC 11.0 (StataCorp, College Station, Tex.).
RESULTS
Eight women and 5 men were included in this pilot study, with a mean age of 40.7 years (± 17.0 years). We compared average stretch and compression strains in different regions of the face between subjects of different ages and different genders. In each subject, gradients of strain were visualized across the whole face as a "heat map" for each action. Interestingly, the greatest stretch and compression were localized to the midface and lower face for all animations ( Fig. 2) . (See Video 1, Supplemental Digital Content 1, which demonstrates the change in strain over the duration of this patient's smile, http://links. lww.com/PRSGO/A46; Video 2, Supplemental Digital Content 2, which illustrates the change in strain over the duration of this patient's smile, http://links.lww. com/PRSGO/A47.) Thus, we further analyzed these regions.
There were clear and measurable differences in stretch and compression in the midface and lower Fig. 1 . a, Speckle patterning applied to a curved surface with white and black color hairspray for detection by the dual-camera charge coupled device system. B, Similar speckle patterning applied to a human face with white and black color hairspray for detection by the dualcamera CCD system. face between study subjects; however, these differences were not significant among study subjects for the smile, laughter, surprise, anger, or grimace expressions. By contrast, significant differences in stretch and compression were seen during lip pursing (activation of the orbicularis oris) (Fig. 3) . Significant differences were seen in degree of major strain in lip pursing between young (a) and old subjects (B), with a significant degree of contribution at the nasolabial fold region.
Video 3. See video, Supplemental Digital Content 3, which demonstrates the change in strain over the duration of this facial animation. an example of dynamic major strain analysis in a younger patient who is lip pursing. Significant differences were seen in the degree of facial strain between younger and older patients while lip pursing, http://links.lww. com/PRSGO/A48.
were grouped by age, with those younger than 40 years old (n = 7) compared with those older than 40 years old (n = 6). In subjects over the age of 40, there was a statistically significant greater stretch in the perioral region during lip pursing compared with subjects under the age of 40 (58.4% vs 33.8%, P = 0.015). Moreover, subjects over 40 demonstrated a significantly greater degree of overall strain in the nasolabial fold region compared with those under 40 (61.6% vs 32.9%, P = 0.007) (Fig. 4) . The face as a whole was also affected by lip pursing, with a greater compression of the surrounding perioral soft tissues in subjects over the age of 40 compared with subjects under the age of 40 (1.8% vs 0.15%, P = 0.01) (Fig. 5) . When separated by laterality, the older cohort also showed a higher degree of stretch at both the left (70.8% vs 32.5%, P = 0.003) and right nasolabial fold regions (52.5% vs 33.4%, P = 0.038) when compared with the younger cohort. We observed a greater degree of unpredictability in the older age group when comparing the symmetry of strain in each subject's expressions. Interestingly, the asymmetry in strain at the nasolabial fold region was significantly greater in the older age group (18.4% vs 5.4%, P = 0.03) (Fig. 6) .
In another cohort, study subjects were grouped by gender, and strains associated with each facial animation were compared. As seen in the age-defined subgroup analysis, there were no significant differences in strains for any facial expression except lip pursing. The female cohort (n = 8) demonstrated an overall greater degree of stretch in the lower face than the male cohort (n = 5) when pursing their lips (41.1% vs 29.8%, P = 0.04). Notably, the women in this study were also observed as having a significantly greater degree of stretch of the left lower face (41.7% vs 28.9%, P = 0.028) and a nearly significantly greater degree of stretch at the right nasolabial fold region (49.4% vs 30.6%, P = 0.057) while lip pursing.
DISCUSSION
The role of soft-tissue strain in the dynamic face has yet to be characterized and quantified, in part, because current imaging modalities that are static and 2-dimensional are inadequate for analyzing these complex dynamic changes. In this study, we used a dynamic real-time 3-dimensional imaging technology to precisely quantify soft-tissue stretch and compression in the face during animation through the measurement of dynamic, reproducible facial surface strains. We first established that differences in facial strain are not only detectable but also quantifiable using this technology. We subsequently observed that the areas of greatest strain appeared to localize to the midface and lower face and further quantified how stretch and compression differ between patients of different ages and genders in this area of the face.
Prior studies on facial morphology have been conducted using 3-dimensional video analysis and photogrammetry. See et al 9 analyzed the changes in topographic facial landmarks that occur between upright and supine positions in mother-daughter pairs and quantified the contribution of gravity using this technology. In a larger study, Iblher et al 10 also demonstrated a statistically significant increase in lower face soft-tissue mobility and a decrease in soft-tissue stiffness in older age groups in comparison to younger age groups. Prior investigations in normal facial animation have further shown asymmetry with slightly greater left-sided motion and displacement 11, 12 and greater displacement in older populations. 12 The data we have presented here are consistent with these prior evaluations, thereby validating the application of this novel imaging technology to the dynamic face.
The data from this pilot study confirm the clinical observation that perioral animation is an impor- Fig. 4 . a, in lip pursing, there were significant differences in strain between subjects under 40 years and subjects 40 years and older (58.4% vs 33.8%, P = 0.015). B, Significant differences in strain asymmetry were also demonstrated between subjects older than 40 years and younger than 40 years at the nasolabial fold region (61.6% vs 32.9%, P = 0.007). tant contributor to facial aging as demonstrated by significant differences in strain measurements between the younger and older age groups with activation of the perioral musculature. Subjects older than 40 years exhibited significantly greater stretch, compression, variability, and asymmetry in the perioral region compared with subjects younger than 40 years. These data represent the first precise evaluation and quantification of facial dynamics. Because efforts at perioral rejuvenation and reconstruction remain disappointing, we hope these data will serve as a first step for improving our ability to understand and develop more effective treatments for the lower face and beyond.
This pilot study has several limitations. Our sample population is small and potentially underpowered. Although our use of dynamic realtime 3-dimensional imaging technology enables the measurement of dynamic, reproducible facial surface strains, we acknowledge that the specific underlying mechanisms responsible for the observable differences in stretch and compression have yet to be defined and remain beyond the scope of this study. Additionally, the strains associated with each facial expression were subexamined using age and gender as variables, illustrating an association between age and degree of strain but without implication of causality. Moreover, although all patients were white and Fitzpatrick grade 2-3, we did not control for patient variables such as body mass index (BMI), smoking, and photodamage, which undoubtedly have their own contributions to facial dynamics. Further studies using this technology to evaluate facial strain in age-matched patients with low BMI and minimal facial subcutaneous fat versus those with a high BMI and a significant facial fat are warranted. Other variables such as race, Glogau scale, and genetic factors would also be important to consider. The long-term application of this technology for documentation of the aging face in a given individual will permit us to characterize facial aging without inherent variability in facial animation. Of further interest would be a longitudinal investigation of the effects of aesthetic interventions on facial strain within individual patients to quantify dynamic responses to specific rejuvenation therapies, including neuromodulators, facial fillers, and surgical rejuvenation.
The successful use of real-time dynamic 3-dimensional imaging for soft-tissue strain analysis may have broad and functional implications for soft-tissue restoration not only in aesthetic procedures of the face but also in reconstructive surgery. The application of this technology for preoperative assessments of patients for abdominal wall reconstruction, facial reanimation, and delayed facial trauma reconstruction may elucidate the dynamic limitations of previously damaged tissues, resulting in optimized reconstructive surgical plans and patient outcomes.
CONCLUSIONS
We demonstrated that the dynamic face can be objectively and quantitatively evaluated using dynamic principle strain analysis. The midface and lower face exhibit the most amount of dynamic facial strain, a characteristic that increases with advancing age. We propose that dynamic 3-dimensional optical imaging can be used to advance our understanding of soft-tissue dynamics, facial anatomy, and the effects of animation on facial strain over time, thereby leading to improved individualized treatments and new clinical applications for the treatment of facial rejuvenation and reconstruction.
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